∆ , = ∑ ( ) -∑ ( ) 148 ∆F a,b is the difference in number of mutations (ones) between the two demes. The chance 149 that a deme passes on its mutations to a neighbour is thus determined by the overall 150 number of mutations relative to that neighbour (∆F a,b ) and the advantage factor p that 151 defines the competitive advantage of these mutations (assumed the same for all mutations).
152 In this paper we define the sum of all genes (F=(G)) as the "fitness" of a deme. This is 153 because the number of advantageous genes (F), multiplied by the advantage factor (p) 154 determines the chance that genes are passed on to offspring. When p=0, mutations are 155 neutral and there is no preferential transfer of alleles and we have purely random
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-8 -156 spreading of zeros and ones, but, on average, no change in their frequency. A positive value 157 of p leads to fitter demes to pass on their alleles to their neighbours. Note that the transfer 158 chance of a single allele does not only depend on its own value, but on that of the whole 159 genome. This can potentially lead to less competitive zeros replacing more competitive 160 ones.
161
To estimate the duration of one time step, we can consider the population of the two 162 neighbouring demes as one during the transfer. Of interest is the case where the mutation 163 only occurs in one of the two demes, i.e. when it is carried by 50% of the combined 182 The initial survival rate is thus a function of p. The low initial survival rate is due to two 183 factors. The first is a numerical effect that the width of diffusional front is less than can be 184 resolved at the scale of the demes. The second is related to genetic drift [60] [61] , where the 185 effective population (cluster of demes around the new mutation) is small and therefore the 186 chance of survival smaller than when the mutation has spread over a large area.
187
Once a mutation has survived this initial nucleation phase by spreading over 188 sufficient demes, the area occupied by the deme increases linearly with time. The expansion 189 front is not sharp, but diffuse, in accordance with the diffusion-reaction model of [55] . The 190 width of the diffusional front decreases with increasing p (Fig 1A-C 
206 The exponent is slightly larger than 0.5 due to the fact that the spreading front becomes less 207 fuzzy with increasing p. This means that demes at the front have fewer neighbours without 208 the mutation when p is large than when it is small. 
220
The initial spreading velocity is higher when multiple mutations are placed in the 221 centre of the model (Fig 1F) . This is expected, because ∆F>1 in Eq. (2). However, the steady-222 state velocity of these mutations is the same when the diffusion front is wide enough (low 296 2B these are visible as persistent, sharp changes in colour. New mutations cannot escape 297 these "nations". Because the fixation time within a "nation" is smaller than for the whole 298 model, these mutations can now spread significantly before more mutations occur, thus 299 keeping ∆G and ∆F low within a "nation", while F for each "nation" keeps rising steadily. A 300 large area, high mutation rate and low spreading rate (low D 0 and p) all favour high values 301 of both ∆F and ∆G (with ∆G≥∆F). When these values remain too low, incipient borders shift 302 and weaken again, which inhibits the establishment of permanent borders. This effect is 303 visible in the medium and small "continents" that now behave as a closed system with 304 highest fitness in the centre, but no internal "nation" borders. The development of "nations" 305 or a structured population [66] results in a breakdown of the positive relationship (Fig 2A) 306 between genetic signature and distance between points or isolation by distance [67] . This 307 leads to a relative isolation of demes, which is strengthened through time. The effect of replacement is again illustrated with the three-continent model (Fig 3) , using 312 the same p=0.05 and M of four mutations per time step as before. ∆F crit is set at 10, so the 341 time steps of differentiation without any sweeps, followed by a rapid succession of many 342 small and a few large sweeps that sweep almost the whole model area (Fig. 3A) . This 343 pattern is in line with the punctuated-equilibrium model [68] [69] [70] . Reducing the resolution 344 by a factor two, while keeping all other parameters the same, implies reducing the 345 population density and the frequency of mutations in the model by a factor four. Gradients 346 now increase at a lower rate and the duration of a full cycle is roughly doubled (Fig 3B) .
347 Doubling the resolution has the opposite effect and leads to a reduction of the cycle time 348 (Fig 3C) . Independent of resolution, admixture results in several large sweeps that together 349 reset the genomes in the whole area. Figure 5A shows that the chance for the two smaller continents and the 378 margins of the large continent to be swept is about 1.5 times higher than in for the centre of 379 the large continent in the absence of assortative mating. In case of assortative mating, the 380 effect is even stronger. Demes in the centre of the largest continent thus have a much higher 381 chance to be preserved, as these demes are rarely swept. This also affects the survival 383 We see that these are strongly concentrated in the centre of the large continent. While this 384 continent occupies 76% of the whole model area, it is the origin of >99% of all mutations 385 that reached fixation. The medium continent with 19% of the area delivered only <1% of all 386 mutations that reached fixation and the small continent not a single one. The chance of a 387 mutation from the medium continent to reach fixation is only 3.5% that of a mutation in the 388 large continent in the simulation without assortative mating. In the simulation with 389 assortative mating this change reduced to 1.7%. Replacement sweeps thus strongly favour 390 the survival of mutations from the centre of the largest populated landmass.
391
Directions of sweeps without (settings of Fig 3A) and with assortative mating 392 (settings of Fig 4A) were recorded for simulations running 10,000 steps. Mean sweep 393 propagation directions can be determined from this, and in turn, mean migration paths ( 433 The effect is more pronounced in case of assortative mating. The intersection of the linear 434 regression of the N fix -time curve with the horizontal time axis (Fig 6) gives the mean time to 435 fixation (t fix ) for mutations that reach fixation. t fix is about 4 times smaller in case of 436 replacement sweeps than without these. This is to be expected, as replacement sweeps 437 provide an efficient means to spread mutations over the map.
438
The reduced t fix resulting from replacement sweeps has the advantage that a species 460 All these normalised data together overlap remarkably well (Fig 7) . We obtain q=1.84 when Having assessed the effects of, and patterns resulting from the different parameters on a 499 schematic map with three continents, we now briefly illustrate the potential implication for 500 human evolution. For this purpose we used a Fuller-projection map of the Old World (Fig 8) , 501 roughly adapted to ice age conditions by linking Japan and the British Isles to the mainland 502 and assuming that large parts of northern Europe and Asia are (effectively) not inhabited. 527 In both simulations, with and without assortative mating, mean fitness is highest in central 528 Africa (Fig 8A) . The fitness maximum is most distinct in case of =0, because the long and 529 regular interval between clusters of sweep events allow large-scale gradients to develop.
530 Mutations that reach fixation mostly come from central Africa (Fig 8B) . When =0.05 no 531 mutations that originated outside of Africa reach fixation. When =0, a few mutations from 532 Asia reach fixation, because sweeps from Africa can trigger "counter" sweeps after 533 admixture with genomes from the margin of the swept areas. The chance that a deme in 534 central Africa is swept by a migration event is higher in case of =0 than when =0.05 (Fig   535 8C ). Despite these differences, migration directions are mostly emanating from central 536 Africa in the direction of the margins of the occupied area (Fig 8D) .
537
Sweep area frequencies follow the same power-law distribution (Eq. 8, Fig 9A) as in 538 the abstract 3-continent model. Largest sweeps are again over-represented relative to the 539 power-law trend for smaller sweeps. The effect becomes noticeable for sweeps that are 540 larger than a few per cent of the total area. This is about 1/3 the area of Europe. The 541 frequency distributions show two distinct peaks. One is at the area of Japan, which in the 574 2A) . The magnitude of these differences or clines depends on the balance between diffusion 575 and mutation rate. The effect of assortative mating is to create a structured population [66] 576 with relatively homogeneous "nation" regions, separated by distinct clines. While Scerri et 577 al. [66] argue that the structuring is due to environmental and ecological drivers, our model 578 ( Fig 2B) shows that structuring can develop due to assortative mating without any such 579 additional drivers. Without other evolutionary mechanisms, assortative mating reduces or 580 inhibits exchange between regions and this exchange is restricted to neighbouring regions.
581 Migration events are an efficient way to bring populations from far-removed regions into 582 contact. Ensuing exchange across such new contacts leads to reticulate phylogenies [63] .
583
Our model shows that, if population/species replacements do occur, replacement 584 sweeps of all sizes up to the whole populated area are expected. The basic reason is that if 585 one group of individuals can take over the area of their neighbours, the chance that they (or 586 their offspring) can also take over the next area is larger than zero. This can, but must not, 587 lead to "avalanches" of replacements that can span up to the whole populated area.
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-27 -588 Replacement-sweep-area frequencies systematically decrease as a power-law function of 589 their area. For every world-spanning sweep, about two orders of magnitude smaller sweeps 590 are to be expected, down to the size of one deme in the model. As expected, isthmuses 591 appear to play a special "bottle neck" role during expansions. Once a sweep crosses an 592 isthmus, there is an increased chance that the whole peninsula beyond is swept in its 593 entirety. In simulations this leads to a distinct peak in the chance that the whole of Eurasia 594 is swept in at an out-of-Africa event.
595 Replacement sweeps reduce the chance of fixation of mutations, but also 596 significantly reduce the time to fixation of those mutations that do finally reach fixation. The 597 propensity of a population to usurp the area of its neighbours if these are, for some reason, 598 less competitive, has the benefit that advantageous mutations can quickly spread, for 599 example after a change in environmental conditions. However, our simulations show that 600 this propensity inevitably also leads to spontaneous replacement sweeps that are not 601 triggered by any external factors but driven by genetic drift. 
